Abstract-This pilot study proposed a method for assessing the status of vascular flow measured by transcutaneous oxygen pressure (TcPO2) in the area of the ischium in people with spinal cord injury (SCI). In a sample of 38 men (two groups: 12 physically active and 26 sedentary) with thoracic SCI, the distribution of the physiological response of the tissues under load during sitting was assessed through analysis of ischium TcPO2 values obtained by an oximeter. TcPO2 baseline, recovery time of TcPO2 after sitting (Trec), the percentage of TcPO2 (%TcPO2) of maximum pressure TcPO2, and mechanic maximal pressure (Pmax) were evaluated. Trec in the physically active group was significantly lower (p < 0.05) than in the sedentary group. Likewise, significant differences in %TcPO2 between groups (p < 0.05) were also found. We concluded that the physiological response of the tissues under an individual with SCI's own weight resulting from prolonged sitting is better in those who are physically active.
INTRODUCTION
Spinal cord injury (SCI) involves a number of changes at the metabolic and physiological levels that can be summarized as "alterations in cardiorespiratory system performance, decreased oxygen-carrying capacity, altered vasomotor regulation system with poor venous return, a reduction in muscle strength and endurance, decreased ability to maintain an adequate physiological response to exercise, blood stagnation in paralyzed limbs, a reduction in preload and cardiac output, vascular deficiency level, reduced blood volume and decrease in heart size" [1] .
One of the most common complications in people with SCI is pressure ulcers (PUs). A PU is an area of localized cell necrosis resulting from mechanical disturbance in vascular and lymphatic skin and deeper tissues located between the skeletal plane and a tough outer surface.
Pressure on these areas cause compression and shear forces to the underlying structures. When the intensity and/ or time of application of these forces exceed a certain critical level, tissue damage occurs. The curve expressing the relationship between pressure and time is described by a parabola, so that the skin injury takes place under either low pressure for long periods of time or high pressure for short periods of time [2] [3] .
The risk of a PU is higher in groups such as the elderly and people with SCI [4] . The reported prevalence of PUs in patients with SCI who have already passed the initial phase of hospitalization is about 33 percent [5] [6] . PUs could be one of the leading causes of death in this population if not treated properly. Although many factors are involved in the development of a PU [7] [8] , the findings of several experimental studies support the hypothesis that pressure at the interface between the user and the seating surface is the main factor involved in the emergence of a PU [9] . This pressure causes the reduction or even elimination of peripheral arterial blood circulation, thus causing the PU. Therefore, one of the most important tools for PU prevention is a sitting surface that relieves the pressure, for example, a wheelchair ulcer-preventing cushion. A combination of this specialized cushion for pressure reduction and pressurerelief movements, in which the wheelchair user performs "push-ups" or "forward leans," is considered the best option for PU prevention in people with SCI [10] [11] [12] [13] . However, pressure-relief movements require good upper-limb strength and continued motivation, which are not always present in people with high-level lesions [14] . The incidence of PUs remains unacceptably high [15] [16] [17] [18] .
For the individual characterization of the mechanical pressure of the wheelchair cushion, the measure of the interface pressure between the person and the seating surface is the most common test performed in clinical settings [14, [19] [20] . However, the mechanical properties are not the only characterizations that indicate the risk of tissue damage. Note that not only the absolute values of pressure can vary from person to person, but also the variations in tissue composition of the high-risk areas can determine how soft tissues change in order to bear certain pressures [21] . In that sense, the cushion's mechanical behavior does not have much significance as a single determination of threshold value to determine the risk of tissue injury.
Studies in patients with SCI showed the following alterations in skin perfusion: the skin oxygenation uncompressed zone is lower in patients with SCI than in people without SCI [22] [23] ; the resistance of the microcirculation to external pressure, defined as the pressure caused by the closure of the capillaries, is impaired in patients with SCI [24] ; the vasomotor response to a direct or alternating pressure and reactive hyperemia are impaired in people with SCI and predispose them to ischemia of the skin [25] ; and finally, venous compliance is lower in people with SCI than in people without SCI [26] .
In individuals with SCI, paralyzed muscles below the injury reduce the volume of the entire muscle used during exercise, and therefore, the capacities of the body are diminished [27] . As mentioned before, SCI also leads to significant morphological changes in metabolic and contractile properties of skeletal muscles below the lesion [28] . The physical work capacity in the SCI patient is generally impaired because of a sedentary lifestyle [29] . These conditions, a priori, may facilitate the development of PUs.
Typically, PU prevention has been studied in the rehabilitation hospital setting. The application of electrostimulation (ES) training to relieve the ischial pressure zone in sitting [10, [30] [31] [32] , functional magnetic electrostimulation, and ES of the sacral nerve root (sacral anterior root stimulator [SARS]) [14, 19] have been used to improve the behavior of vascular flow in relationship to clinical variables.
Physical activity now plays an important role on both social and personal levels in improving the quality of life of people with SCI [33] , which includes prevention of PUs. A wide variety of studies provides evidence of improved quality of life for people with SCI related to physiological adaptation to exercise, both in additional rehabilitation [34] [35] [36] [37] [38] [39] [40] and high-level sport settings [41] [42] [43] [44] [45] [46] [47] , as well as the relationship of these adaptations to improving certain skills with the wheelchair [48] [49] [50] [51] [52] .
According to previous reports, the ability of people with SCI to work is limited by the functional loss of muscle mass and sympathetic control [24] . Below the level of injury, vasoconstrictor function is lost [53] . Blood flows to inactive areas and is not effectively redistributed to those areas where metabolic demand is higher. Oxygen supply decreases to these areas when adaptations to exercise or any training program are required. Therefore, maintaining adequate oxygen pressure (PO2) is harder in those areas below the lesion, such as the ischial tuberosities (IT), which increases the risk of PU and warrants a multimodal assessment establishing the functional characteristics of wheelchair cushions. The consequences of mechanical pressure on vascular flow at the areas of risk should be added to the interface pressure between the person and the seating surface [20] .
Recently, implanted muscular functional ES of gluteal muscles [54] and SARS implants in the suprasacral area [14, 19] have been shown to benefit seat pressure and tissue oxygenation. Therefore, recent studies have focused on evaluating the different effects of wheelchair tilt-in-space and recline angle on skin perfusion over the IT in wheelchair users with SCI by using laser doppler flowmetry [55] . Jan et al. explained that to further understand the efficacy of wheelchair tilt-in-space and recline for decreasing PU risk, systemic research of the efficacy of various angles of wheelchair tilt-in-space and recline on decreasing skin and muscle perfusion ischemia is needed [55] . A transient increase in skin blood flow after ischemia is regulated by a protective mechanism called reactive hyperemia [48] [49] [50] [56] [57] . Reactive hyperemia is mediated mainly by local blood flow control mechanisms [51] [52] Thus, people with SCI still show a reactive hyperemic response after blood occlusion [24] . Both the magnitude and duration of reactive hyperemia have been related to the magnitude and duration of the external loads [50] . With total relief occlusion, peak blood flow of hyperemic response may reach more than 10-fold baseline blood flow. However, with partial pressure reduction, peak blood flow of a reactive hyperemic response is smaller [56] .
Another alternative for the tissue viability assessment proposed is the measurement of transcutaneous PO2 (TcPO2) [58] . The principal advantage of this method is that it provides a noninvasive, real-time measurement of skin perfusion. However, its principal limitations are that the electrodes required are typically too rigid to be placed under the IT, particularly for people with SCI, and that it can be inaccurate when the oxygen level is low.
In this pilot study, we hypothesized that people with SCI who practiced regular physical activity would have better readaptation of vascular flow in the ischial area, where the risk of a PU is higher, after a period of prolonged pressure than people with SCI who did not engage in any physical activity. Our main objectives were to study TcPO2 as a method for evaluating the performance of SCI tissue viability in the ischial area and compare the behavior of vascular flow response measured by the level of TcPO2 at the ischial area in physically active and sedentary persons with SCI.
METHODS

Participants
In this pilot study, all regulations set by the corporate governance for the ethical use of human volunteers were followed. Participants were divided into two groups according to their level of physical activity: sedentary (n = 26) and physically active (n = 12). Informed consent was obtained for a total of 38 male participants with complete SCI. The sample's demographic and clinical-functional scale data are shown in Table 1 . Braden Scale scores [59] and body mass index (BMI) are also included in Table 1 . All participants used a manual wheelchair for mobility.
Inclusion Criteria
Inclusion criteria for both groups were men aged 18 to 55 yr who had complete thoracic (T)-type SCI (T1-T12), as defined by the American Spinal Injury Association scale [60] , for at least 6 mo. Additionally, participants had no occurrence of PUs, used a device seat cushion, and used their manual wheelchair for at least 6 h a day.
The physically active group participants were defined according to Ross and Jackson's criteria [61] . The individuals had a physical activity level characterized by regular training 2-3 times a week for between 45 min and 3 h [61] . These characteristics are in accordance with the latest American College of Sports Medicine (ACSM) recommendations for physical activity, which include people with disabilities [62] . The physically active group also had to use their wheelchair as a complement to physical activities so that we could somehow standardize the type of physical activity performed and the muscles most frequently involved. We excluded any subject who had an illness or injury that prevented him from completing the tests, diabetes mellitus or peripheral vascular disease, hyperthermia or hypothermia in the last 48 h, and a history of trauma in the past 4 weeks.
Instrumentation
The measurement was performed using a TcPO2 Radiometer Oximeter ® model TCM400 (Radiometer Medical ApS; Copenhagen, Denmark) (Figure 1) . The sensor temperature setting was 37°C -45°C with possible increments of 0.5°C. The range of measure of TcPO2 is 0-2,000 mm Hg, and the sensor E5250 measuring principle was a transcutaneous Clark-type O 2 electrode. The sensors were an O 2 sensor cathode (25 m platinum) and an O 2 anode (silver), 15 mm in diameter, with 30 mm diameter fixation rings. The electrolyte solution of the sensor membrane was 1.2-propanediol, potassium chloride, sodium hydrogen carbonate, and deionised water. For the calibration specifications, the calibration gas was 5.0 percent CO 2 and 20.9 percent O 2 , balance N 2 and the gas flow was 8 ± 2 mL/min with automatic shut-off after 5, 10, 15, 20, and 50 min, as required. The range of the calculated regional perfusion index was 0-3.
The electrodes were surrounded by handmade polyethylene foam pads to decrease high-pressure area development (Figure 2) . To standardize the experimental conditions and decrease interface pressure between users and cushion, we provided a single standard model type of cushion for all participants. The cushion selected was an air Roho Enhancer model (The Roho Group; Belleville, Illinois). The cushion had two compartments containing individually deformable pneumatic cells of three different heights (6, 8 , and 10 cm) whose actions were adapted to each subject (Figure 3) .
In order to regulate air pressure in the cushion, we used the information provided by the pressure sensor, Xsensor ® model X2 (Xsensor Technology Corporation; Calgary, Alberta, Canada) (Figure 4) . The pressure sensor registers the pressure distribution at the interface between the user and the cushion. The digital signal was derived from a computer via a high speed USB (Universal Serial Bus) port, which allowed for a sampling frequency of 10 Hz to display as the pressure was shown by the subject on the cushion; a pump adapted to cushion; and a pressure gauge model Digitron® model 2081P (Digitron Instrumentation Ltd; Wooland Road, Torquay, England) capable of measuring very small pressures (0-97 mm Hg). Realtime two-dimensional images of pressure distribution at the seat interface were produced with the graphical display software provided with the pressure mapping system and were saved on a personal computer.
Procedure
Informed consent and risk developing scales [59] were obtained from all participants. Following previous recommendations, we heated the testing room to 22°C [58] . Pressure distribution at the user-cushion interface was first measured in static pressure with the Xsensor 3p pad ( Figure 5 ). Cushion inflation pressure was optimized for participants by regulating the inflation pressure of both chambers of the Xsensor 3p pad and following the protocol described previously [20] . Before the study began, the seat pressure mat was calibrated according to the manufacturer's instruction.
Physiological variable data were collected in the left buttock area (ischial left area). After oximeter calibration, the two electrodes were placed. One electrode was placed on the left buttock, and the other at a reference point in left second intercostal space.
Electrodes were placed as close as possible to the ischial area while participants were in a seated position.
To place electrodes, we positioned participants in right lateral decubitus with the hips flexed 90, the knees bent between 70 and 80, and pelvic rotation avoided. The procedure was repeated on the left lateral decubitus. This yielded two brands (due to skin movement), between which, once the participant was prone, the electrode was placed [63] .
After adjusting the correct placement of the electrodes, we proceeded to the placement of the sensor membranes (1.2-propanediol, potassium chloride, sodium hydrogen carbonate, and deionised water) and sprayed a drop of contact liquid (1.2-propanediol and deionised water) to ensure a suitable thermal conduction between skin and electrode. After location and placement of the oximeter sensor membranes, it was necessary to wait for 5 min to heat the electrode to 42°C, allowing adequate vasodilatation contact area to take the initial steps for baseline data (millimeters of mercury) in the ischium, following manufacturer's instructions. In addition, the electrodes were covered with a polyethylene foam pad as previously mentioned to relieve the external pressure of contact with the surface.
To establish the data baseline at rest (millimeters of mercury), there was a 20 min waiting period, after which 90 percent of this value was calculated. Then, the participant was transferred to his wheelchair with the cushion individually optimized. In order to ensure pressure on the ischial area similar to that which occurs in an everyday seated position, the participant remained in the position for 5 min and TcPO2 values were recorded and scored at the beginning and end of this period.
The participant was then transferred back to the bench and placed in the prone position until the recovery value of the ischium reached at least 90 percent of the previously calculated baseline or, alternatively, after 15 min. It has been previously determined that after 20 min, the reproducibility of the measure is decreased for data obtained in the supine sacrum [58] .
Data Analysis
Variables
The peak value of maximum mechanical stress (Pmax) was analyzed to characterize the pressure distribution at the interface between the user and the cushion following data obtained with the Xsensor.
The variables registered from the physiological measures obtained with the oximeter (millimeters of mercury) were the TcPO2 baseline values (millimeters of mercury); the reduction of baseline support TcPO2 after sitting (millimeters of mercury); the percentage of value of that TcPO2 reduction from baseline (%TcPO2); the recovery time (seconds), time elapsed from the occurrence of a support in a particular area, with the consequent decrease in TcPO2; and the recovery of baseline millimeters of mercury after this relief (TcPO2 Trec) (seconds).
Statistical Analysis
All data (Xsensor and Oximeter) were then converted to ASCII format. All statistical analysis was performed with SPSS, version 15 for Windows (IBM Corp.; Armonk, New York). The distributions of data and their descriptive statistics (mean and standard deviation) were obtained for each variable. Because of the sample size and characteristics, we conduncted a Kolmogorov-Smirnov test to verify the normal distribution of the sample. All variables presented a normal distribution, so a two-tailed nonpaired t-test was used with a 95 percent confidence interval to compare variables between groups. The significance level was set at p < 0.05 for all statistical tests.
RESULTS
The TcPO2 baseline data were similar in both groups, as evidenced by no significant difference between them. Similarly, note that no significant differences existed between the two groups with respect to the resulting Pmax optimal mechanical characterization of the wheelchair cushion. No differences were found between groups in relation to the values obtained from the Braden scale (Table 2) . Therefore, we can assume that the mechanical behavior of the cushion and tissue situation was similar in both groups.
TcPO2 reduction values (milligrams of mercury) were not significantly different between the two groups when unloading on the ischial area, such as moving from prone to seated (35.6  18.2 in the sedentary group vs 47.7  12.6 in the physically active group, p > 0.05). However, when we individually analyzed the percentage value, which represented the reduction in relation to baseline, differences were found: the data obtained from the physically active group were higher (99.0%  1.3%) than the data from the sedentary group (71.5%  34.6%) (p < 0.05) ( Table 2) . Regarding the value of TcPO2 Trec (seconds), the value obtained in the physically active participants was significantly lower than in the sedentary participants (125.3  23.2 s vs 206.7  231.6 s, respectively; p < 0.05) ( Table 2) .
DISCUSSION
A methodology to study TcPO2 values and their use as a method for evaluating the performance of SCI tissue viability in the area of the ischium was developed. Additionally, the initial hypothesis was confirmed. The tissue response in the readaptation of vascular flow in an area at risk for PUs after a period of prolonged pressure was better in the physically active group.
TcPO2 baseline values were similar in the two groups studied, indicating that without pressure, both groups had similar tissue vascularization in the ischial area. Both populations had similar risk of experiencing a PU in terms of Braden scale scores. BMI was lower in the physically active group versus the sedentary group, which is likely attributed to their meeting the ACSM recommendations for physical activity and their active life profiles.
In the absence of extensive literature describing ischial TcPO2 results comparable with those obtained in this study, we assumed that mechanical pressure higher than 13-32 mm Hg could produce a reduction in TcPO2 with consequent risk of PU in the zone [64] . In relation to this study, the average value of Pmax exerted and recorded in the area of the ischium in a sitting position was 85.7  29.8 mm Hg in the sedentary group and 87.7  23.2 mm Hg in the physically active group. Thus, the IT-area pressure on the pad-user interface greatly exceeded recommended values [20, 64] . In this situation, the excessive use of a wheelchair, but without any corresponding changes in posture, significantly increases the risk of PUs [63] .
Moreover, analysis of the pressure distribution at the interface between user and cushion showed that, starting from a seated position in the same cushion, Pmax in both populations was similar. These results are consistent with a previous study from a larger population with SCI, which compared the pressure distribution between four different types of cushions using the Xsensor pressure sensor [20] .
In relation to reducing TcPO2 (millimeters of mercury) in the ischium during sitting, measuring this variable in absolute values did not show any significant differences between groups. However, statistical differences were found when the reduction was calculated in percentages (%TcPO2) relative to the baseline data recorded for each user, with the values being higher in the physically active group. This might be due to overuse of the wheelchair and lower BMI in the physically active group (remember that one of the criteria for inclusion was that the wheelchair was not only used as a common transport, but also as a complement for training). This may potentially expose the skin and soft tissue in the ischial area to longer periods of friction and thus a greater chance of skin injury [2] .
Note that in people with complete SCI, functional capability is limited by the functional loss of muscle mass and sympathetic control below the level of injury. Oxygen transport through the blood circulation in those areas affected by the injury [22] [23] is reduced and, therefore, also reduces the chances of maintaining good TcPO2 during external pressure on the IT, located below the sample's level of injury (T6-T12). The current clinical practice assumes that a decrease in seating pressure is associated with an increase in skin and muscle perfusion, thus decreasing the risk for PUs.
Regarding the analysis of TcPO2 Trec, we consider this variable as one of the most significant to note, because we are being informed of the vascular response's capacity to adapt to stimuli [63] . A significantly lower TcPO2 Trec (p < 0.05) in the group of physically active participants may indicate a better capacity for readaptation of vascular flow in the ischial area after pressure. Note that exposure to low pressure for a long time or high pressure for a short time increases the risk of skin lesions [2] . This would indicate, a priori, a benefit for the relief of pressure when, for example, performing push-ups or forward leans or transferring from the wheelchair to bed to relieve the area under pressure and recover the TcPO2 baseline in less time.
The practice of physical activity in people with SCI and paraplegia results in improved cardiorespiratory capacity, such as maximal aerobic power, peak oxygen consumption, forced expiratory flow, forced vital capacity, and improved muscle strength in the upper limbs [65] . This may exert a decisive influence on the capacity to transport oxygen in the areas most affected by disuse resulting from the SCI itself. Considering this point and the results shown in the study, practice of regular physical activity could contribute to better TcPO2 and, consequently, to better distribution of vascular flow, positively influencing tissue viability of the injured spinal vascular level. However, further studies are needed to confirm this finding.
On the other hand, if the injury affects the thoracic cord, sympathetic control of the splenic vascular area is affected, thus reducing the possibility of driving the blood to active areas and consequently increasing the risk of PU development. In addition, the control deficiency affects renal sympathetic activation of the renin-angiotensin system. Angiotensin II and III exert their action on blood vessel walls, increasing muscle tone and, in turn, cardiac contractility of the heart. So, both cardiovascular mechanisms are also affected by the SCI and may directly influence the redistribution of blood flow through the body.
There are also common disorders in the metabolism of carbohydrates. The change resulting from the lesion would be evidenced by glucose tolerance alterations and increased insulin resistance; thus, the predisposition to diabetes mellitus type 2 would be increased in this population [66] [67] . In turn, this disorder would also be related to the degree of neurological impairment experienced by people with SCI in both completeness (complete/incomplete) and level of injury (tetraplegic/paraplegic). They present with alterations in glucose tolerance [68] as a result of muscle atrophy [69] [70] and alterations in the proportions of muscle fiber type (decreased type I resulting in decreased muscle oxidative capacity) [71] [72] . This could decisively affect physiological oxygen perfusion and, thus, vascular flow in areas below the level of injury, such as the ITs.
During this study, two main elements were considered to avoid injuries to participants. One was the nature of the electrode, which is too rigid to be placed under the IT, particularly in an SCI population. Various adjustments were considered in the protocol that would prevent any problems arising from the external pressure caused by its rigidity. Manufactured pads that surrounded the electrodes and reduced time of exposure were used. The patients' skin condition was carefully assessed before and after each test for any sign of skin damage in any of the two areas where the electrodes were placed. Another problem was that the electrode needed to be heated to 43°C-45°C to achieve maximum vessel dilatation. The heated electrode itself can cause potential damages to the skin, but this condition has been reported in previous validated studies and no skin damage was found [71] [72] . Following these two precautions, no skin problems were found during the procedure.
Considering the limitations of this study, we found a discrepancy in the regulation of temperature sensors. In our study, the value was lower (42°C) than reported in previous studies with people with SCI (44.5°C [58] and 44°C [73] ) or with people with amputations (43°C [73] ), making it difficult to compare results; yet in this case, because of the risk of producing a PU as a result of overheating of the electrode, we followed the manufacturer's recommendations.
Another limitation found was that many variables [7, 74] may have an effect when one is considering the viability of tissue and blood flow distribution measured in TcPO2 (millimeters of mercury). Such factors can be sex, ratio of adipose tissue, smoking status, number of hours spent sitting, maintenance of proper hygiene, preventive education carried out by all health specialists during the period of hospitalization, or blood pressure [9, 58] . Further research in which these variables are, as far as possible, properly controlled for is warranted.
According to the results and taking into account the limitations of the study, we confirmed the initial hypothesis that the physically active participants would have better readaptation of vascular flow in the ischial area at risk of a PU after a prolonged pressure period when compared with the sedentary participants. However, the results cannot be considered definitive by the fact that it is only the realization of the physical activity variable that causes these lower values in the recovery time, because the onset of PUs involves many other determining factors [74] . Testing is recommended to consolidate this methodology to more strictly assess the demographic variables, as are controlled prospective studies that monitor the operation of a concrete program of adapted physical activity and assess its possible effect.
CONCLUSIONS
We present results from a preliminary pilot study in which we used TcPO2 values (millimeters of mercury) to assess the status of tissue viability in an ischial area at risk of PUs during sitting. The vascular response of the tissue area under pressure seemed to be better in a population with SCI who was regularly active than in a population with SCI who was sedentary. This first pilot study offers a very interesting line of research in the field of physical activity and sport for the improvement of the quality of life for people with SCI. 
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